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GAS TURBINE ENERGY STORAGE AND
CONVERSION SYSTEM

CROSS REFERENCE TO RELATED
APPLICATION

The present application claims the benefits, under 335
U.S.C. §119(e), of U.S. Provisional Application Ser. No.
61/177,493 entitled “Gas Turbine Energy Storage and Con-
version System”, filed May 12, 2009 and Provisional Appli-
cation Ser. No. 61/327,988 entitled “Gas Turbine Energy
Storage and Conversion System”, filed Apr. 26, 2010, each of

which 1s incorporated herein by this reference.

FIELD

The present invention relates generally to the field of regen-
crative braking and energy storage in gas turbine engines.

BACKGROUND

The world requires ever-increasing amounts of fuel for
vehicle propulsion. Means of utilizing fuels needs to be
accomplished more efficiently and with substantially lower

carbon dioxide emissions and other air pollutants such as
NOXs.

The gas turbine or Brayton cycle power plant has demon-
strated many attractive features which make 1t a candidate for
advanced vehicular propulsion. However, the gas turbine
does not allow the normal “engine braking” or “compression
braking” feature that 1s extensively used in piston-type
engines. Further, many modern regenerative braking systems
rely on batteries or other electrical storage subsystems to
receive and absorb excess braking energy (others utilize
pneumatic or hydraulic storage). In most cases, the cost of this
energy storage 1s significant. Sizing a typical battery or ultra-
capacitor energy storage system to absorb energy at high
power associated with a long down-hill decent, for example,
1s prohibitively expensive.

(ras turbine engines have the additional advantage of being
highly fuel flexible and fuel tolerant. For example, gas tur-
bines can be operated on a variety of fuels such as diesel,
gasoline, ethanol, methanol, natural gas, biofuels and hydro-
gen. The performance of gas turbine engines can be improved
by making use of electrical energy recovered by a regenera-
tive braking system. These improvements may include
extending component lifetimes, pre-heating of fuels and pro-
viding an engine braking capability analogous to the Jacobs
brake used by piston engines.

There remains a need for compact thermal energy storage
devices to better enable gas turbine engines to recover energy
from braking so as to improve both engine and braking per-
formance of these engines applied to vehicular propulsion.

SUMMARY

These and other needs are addressed by the present inven-
tion. In one embodiment, the present invention 1s directed to
a gas turbine engine that uses high temperature materials such
as ceramic and/or metallic elements to store heat energy
derived from a regenerative braking capability. The embodi-
ment combines the principles of a gas turbine or Brayton
cycle engine with an electric or hybrid transmission system.
New techniques of thermal energy storage and thermal
energy manipulation that can recover substantial amounts of
energy normally discarded in braking are disclosed.
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2

In one configuration of the embodiment, a method 1s pro-

vided that includes the steps of:

(a) receiving electrical energy from a regenerative braking
system;

(b) converting at least a portion of the received electrical
energy 1nto thermal energy;

(c) transferring, directly and/or indirectly, the thermal
energy to a pressurized working fluid to form a heated
pressurized working fluid; and

(d) introducing the heated pressurized working fluid into at
least one turbine to propel a vehicle.

In another configuration, a turbine power plant 1s provided

that includes:

(a) a source of compressed flwd;

(b) a turbine;

(¢) a mechanical linkage for extracting power from an
output shait of the turbine; and

(d) a sensible thermal storage and/or thermal transfer
medium contained within a pressure boundary of the
turbine power plant, wherein the sensible thermal stor-
age and/or thermal transfer medium transiers, by con-
vection, thermal energy to the compressed tluid.

In another configuration, a turbine power plant 1s provided

that includes:

(a) a turbine power plant;

(b) a mechanical-to-electrical conversion device 1n
mechanical communication with the turbine power plant
to generate electrical energy from braking of the vehicle;

(¢) a direct current (“DC”) bus 1n electrical communication
with the mechanical-to-electrical conversion device to
receive the electrical energy; and

(d) at least one of a sensible thermal storage and/or thermal
transfer medium

In another configuration, a vehicle 1s provided that

includes:

(a) a mechanical-to-electrical conversion device i1n
mechanical communication with an output shaft plant to
generate electrical energy from braking of the vehicle;

(b) a thermal energy storage medium to convert at least a
portion of the electrical energy into thermal energy and
store the thermal energy for use by a vehicle operation;
an electrical energy storage system for storing at least a
portion of the electrical energy; and

(c) a controller to regulate, based on at least one of a
state-of-charge of the electrical energy storage system
and a temperature of the thermal energy storage and
transier medium, an amount of electrical energy sent to
cach of the thermal energy storage and transfer medium
and electrical energy storage medium.

In another configuration, a vehicle 1s provided that

includes:

(a) a conduit for transporting a gas-fuel mixture;

(b) at least one of a combustor and re-heater for recerving
and combusting the gas-fuel mixture to form a heated
£as;

() a turbine to receive the heated gas from the at least one
of a combustor and re-heater;

(d) an electrical storage system to store electrical energy;

(¢) at least one of a sensible thermal storage and/or thermal
transier medium contained within a pressure boundary
of the turbine power plant to receive the electrical energy
from the electrical energy storage system to heat at least
one of the gas and gas-fuel mixture; and

(1) a controller operable to direct transfer of electrical
energy from the electrical energy storage system to the at
least one of a sensible thermal storage and/or thermal
transier medium.
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The application of gas turbines to vehicular propulsion
demands a wide range of power production from the engine.
Further, improved driving economies are derived from recov-
ering energy normally lost 1n braking. In some cases, associ-
ated with long down-hill decent, the engine can be configured
to absorb considerable energy, so as to prevent the excessive
load on other braking systems.

An electric drive-train uses electric traction motors to drive
the wheels. During braking the tlow of power reverses as the
wheels drive the traction motors, thereby generating electric-
ity dertved from the energy of braking (referred to commonly
as regenerative braking). This principal 1s prior art and may be
incorporated into a vehicle with erther an Otto cycle, Diesel
cycle, Brayton (gas turbine) cycle, or any propulsion power
plant. Embodiments of the subject invention use this regen-
crated electricity in a manner that provides economic advan-
tages over normal battery or other electrical storage methods,
which are typically charge-rate and capacity limited.

Embodiments of the present mvention are referred to
herein as thermal energy storage modules and incorporate
one or more electric resistor/heat storage elements located
within the engine’s fluid condwt and pressure boundary to
absorb over-flow braking energy from an electrical generator
that 1s typically part of an electric or hybrid transmaission. The
electric resistor element converts electrical energy by resis-
tive or Joule heating and delivers thermal energy to gas tur-
bine’s air flow during normal driving. These electric resistor
clements may be located, for example, upstream of combus-
tor, 1n the combustor, upstream of the free power turbine,
upstream of the hot side of a recuperator, or any combination
of these locations. Residual thermal energy remaining after
braking or stopping may be used to assist combustor relight or
1gnition.

The following definitions are used herein:

The terms ““at least one”, “one or more”, and “and/or” are
open-ended expressions that are both conjunctive and dis-
junctive 1n operation. For example, each of the expressions
“at least one of A, B and C”, ““at least one of A, B, or C”, “one
or more of A, B, and C”’, “one or more of A, B, or C” and “A,
B, and/or C” means A alone, B alone, C alone, A and B
together, A and C together, B and C together, or A, B and C
together.

Dynamic braking 1s implemented when the electric propul-
s1on motors are switched to generator mode during braking to
augment the braking force. The electrical energy generated 1s
typically dissipated 1n a resistance grid system. I1 the electri-
cal energy generated 1s recaptured and stored 1n an electrical
energy storage system, dynamic braking 1s then typically
referred to as regenerative braking.

An energy storage system refers to any apparatus that
acquires, stores and distributes mechanical, electrical or ther-
mal energy which 1s produced from another energy source
such as a prime energy source, a regenerative braking system,
a third rail and a catenary and any external source of electrical
energy. Examples are a heat block, a battery pack, a bank of
capacitors, a compressed air storage system and a bank of
flywheels or a combination of storage systems.

An engine refers to any device that uses energy to develop
mechanical power, such as motion 1n some other machine.
Examples are diesel engines, gas turbine engines, microtur-
bines, Stirling engines and spark 1gnition engines.

A gear box as used herein 1s a housing that includes at least
one gear set.

A gear set as used herein 1s a single ratio gear assembly.

A heat block 1s a solid volume of material with a high heat
capacity and high melting temperature to which heat can be
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added by electrical resistive or inductive heating and from
which heat can be extracted by heat transfer to a fluid.

A hybrid vehicle combines an energy storage system, a
prime power unit, and a vehicle propulsion system. A parallel
hybrid vehicle 1s configured so that propulsive power can be
provided by the prime power source only, the energy storage
source only, or both. In a series hybrid vehicle, propulsive
power 1s provided by the energy storage unit only and the
prime power source 1s used to supply energy to the energy
storage unit. When the energy storage capacity 1s small and
the prime power source 1s large, the hybrid may be referred to
as a power-assist hybrid. For example, an electric drive may
be used primarily for starting and power assist while an inter-
nal combustion engine used primarily for propulsion. These
vehicles are typically parallel hybrids. In a dual-mode hybrid,
the energy storage and prime power are approximately bal-
anced. For example, a dual-mode hybrid can operate on elec-
tric drive only, on engine power only, or on a combination of
both. These vehicles are typically parallel hybnids.

Jake brake or Jacobs brake describes a particular brand of
engine braking system. It1s used generically to refer to engine
brakes or compression release engine brakes 1n general, espe-
cially on large vehicles or heavy equipment. An engine brake
1s a braking system used primarily on semi-trucks or other
large vehicles that modifies engine valve operation to use
engine compression to slow the vehicle. They are also known
as compression release engine brakes.

A mechanical-to-electrical energy conversion device
refers to an apparatus that converts mechanical energy to
clectrical energy or electrical energy to mechanical energy.
Examples include but are not limited to a synchronous alter-
nator such as a wound rotor alternator or a permanent magnet
machine, an asynchronous alternator such as an induction
alternator, a DC generator, and a switched reluctance genera-
tor. A traction motor 1s a mechanical-to-electrical energy
conversion device used primarily for propulsion.

Module as used herein 1n conjunction with a computer
refers to any known or later developed hardware, soiftware,
firmware, artificial intelligence, fuzzy logic, or combination
of hardware and software that 1s capable of performing the
functionality associated with that element. Also, while the
invention 1s described in terms of exemplary embodiments, 1t
should be appreciated that individual aspects of the invention
can be separately claimed.

A permanent magnet motor 1s a synchronous rotating elec-
tric machine where the stator 1s a three phase stator like that of
an induction motor and the rotor has surface-mounted perma-
nent magnets. In this respect, the permanent magnet synchro-
nous motor 1s equivalent to an induction motor where the air
gap magnetic field 1s produced by a permanent magnet. The
use ol a permanent magnet to generate a substantial air gap
magnetic flux makes it possible to design highly efficient
motors. For a common 3-phase permanent magnet synchro-
nous motor, a standard 3-phase power stage 1s used. The
power stage utilizes six power transistors with independent
switching. The power transistors are switched 1mn ways to
allow the motor to generate power, to be free-wheeling or to
act as a generator by controlling pulse frequency or pulse
width.

A prime power source refers to any device that uses energy

to develop mechanical or electrical power, such as motion in
some other machine. Examples are diesel engines, gas turbine
engines, microturbines, Stirling engines, spark 1gnition
engines and fuel cells.
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Power density as used herein i1s power per unit volume
(watts per cubic meter).

A range-extended hybrid has a large energy storage capac-
ity and a small prime power source. An example would be an
clectric drive vehicle with a small engine used for charging an
clectrical energy storage umt. These vehicles are typically
series hybrids.

A recuperator 1s a heat exchanger that transfers heat
through a network of tubes, a network of ducts or walls of a
matrix wherein the flow on the hot side of the heat exchanger
1s typically exhaust gas and the flow on cold side of the heat
exchanger 1s typically a gas such as air entering the combus-
tion chamber. The flow of heat 1s from the hot side of the
recuperator to the cold side of the recuperator.

Regenerative braking i1s the same as dynamic braking
except the electrical energy generated 1s recaptured and
stored 1n an energy storage system for future use.

Specific power as used herein 1s power per unit mass (watts
per kilogram).

Spool means a group of turbo machinery components on a
common shaft.

A thermal energy storage module 1s a device that includes
cither a metallic heat storage element or a ceramic heat stor-
age element with embedded electrically conductive wires. A
thermal energy storage module 1s similar to a heat storage
block but 1s typically smaller in size and energy storage
capacity.

A traction motor 1s a motor used primarily for propulsion
such as commonly used 1n a locomotive. Examples are an AC
or DC induction motor, a permanent magnet motor and a
switched reluctance motor.

A turbine 1s any machine in which mechanical work 1s
extracted from a moving fluid by expanding the fluid from a
higher pressure to a lower pressure.

A vehicle 1s any device, apparatus or system for carrying,
conveying, or otherwise transporting animate and/or mani-
mate objects, such as persons, including without limitation
land conveyances (such as cars, trucks, buses, trains, and the
like), maritime and other types of water vessels (such as ships,
boats, and other watercrait), and aircratt.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of a simple cycle gas turbine with
clectrically heated resistor bank integrated within the engine
conduit.

FIG. 2 1s a schematic of an intercooled recuperated gas
turbine with bypass around recuperator to increase thermal
capacity of resistively heated thermal storage.

FIG. 3 1s a schematic of an intercooled recuperated gas
turbine cycle with reheat.

FIG. 4 1s a schematic of an electric transmaission suitable
for regenerative braking with a gas turbine engine.

FIG. 5 1s a schematic of an alternate electric transmission
suitable for regenerative braking with a gas turbine engine.

FIG. 6a 1s a sectional view of an electrically heated thermal
energy storage module representation.

FIG. 6b 1s a first sectional view of the energy storage
module representation taken along line A-A of FIG. 6a.

FIG. 6c 1s a second sectional view of the energy storage
module representation taken along line A-A of FIG. 6a.

FIG. 7 1s a schematic of an electrically heated thermal
storage module representation with surface combustion ther-
mal reactor.

FIG. 8 1s an 1sometric view of a first configuration of a
thermal energy storage module.

10

15

20

25

30

35

40

45

50

55

60

65

6

FIG. 9a shows an end view of the thermal energy storage
module of FIG. 8.

FIG. 9515 a sectional view along line A-A of FIG. 9a of the
thermal energy storage module representation of FIG. 8.

FIG. 9¢ 1s an end view of the energy storage module rep-
resentation of FIG. 8.

FIG. 10 1s an 1sometric view of a second configuration of a
thermal energy storage module.

FIG. 11a shows an end view of the thermal energy storage
module of FIG. 10.

FIG. 115 1s a sectional view along A-A of FIG. 11a of the
thermal energy storage module representation of FIG. 10.

FIG. 11c¢ 1s an end view of the energy storage module
representation of FIG. 10.

FIG. 12 1s an 1sometric view of a third configuration of a
thermal energy storage module.

FIG. 13 shows an end view of the thermal energy storage
module of FIG. 12.
FIG. 135 1s a sectional view along line A-A of FIG. 13a of

the thermal energy storage module representation of FIG.
13a.

FIG. 14 1s a schematic of a regenerative braking energy
distribution control system for a gas turbine with at least one
thermal energy storage module.

DETAILED DESCRIPTION

Heat Energy Storage

Heat energy storage technology 1s known. For example,
this technology has been proposed for non-nuclear subma-
rines allowing them to operate for several hours to days while
underwater. One of these technologies 1s the use of a graphite
heat block as a heat source for a closed-cycle gas turbine
power plant. In particular, the use of a graphite block heated
to 2,750 K 1n an induction furnace to provide energy in place
of a combustor has been disclosed. An inert gas flows through
the block, picks up heat, spins the turbine and returns to
complete the loop.

The energy storage possible with this technology i1s sub-
stantially higher than other forms of energy storage and, 1n
particular, 1s compatible with gas turbines as a source of
supplementary energy derived, for example, from regenera-
tive braking.

Capacitors, iductors, some batteries and flywheels can
release their energy at very high rates but typically at the
expense ol energy storage capacity. Graphite at high tempera-
tures has a specific energy capacity comparable to chemical
explosives and 1s a very compact form of energy storage
compared to capacitors, inductors, flywheels and batteries
commonly used 1n regenerative braking energy storage sys-
tems. Typical specific energy capacities associated with sev-
cral energy storage technologies are shown 1n Table 1 below.

TABL.

L1

1

Specific Energy Capacities of Some Storage Technologies

Maximum Specific Energy

Energy Storage Technology Capacity (MI/kg)

Capacitors 0.0004 to 0.001
Inductors - Room Temperature 0.001
Inductors - Cryogenic 0.003
Homopolar Generator (flywheel) 0.0085
Energy Storage Batteries 0.2
Kanthal Heat Storage at 1,700 K 0.4
Graphite Heat Block at 1,500 K 2.0
Graphite Heat Block at 2,000 K 3.0
Chemical Explosive (Octol) 4.8
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Some Thermal Properties of Heat Storage Materials

The properties of carbon and other materials such as
ceramics make them useful for the collection and storage of
thermal energy. These properties include: (1) a high heat
capacity, especially at elevated temperatures; (2) a high melt-
ing point; and (3) a high thermal conductivity.

Preferred heat storage materials, for example, have a den-
sity of at least about 1,800 kg/m”, even more preferably of at
least about 3,500 kg/m>, and even more preferably ranging,
from about 1,800 to about 7,500 kg/m’; and a heat capacity of
at least about 400 J/kg-K, even more preferably of at least
about 700 J/kg-K, and even more preferably ranging from
about 400 to about 1,700 J/kg-K. The material should provide
a high heat transier efficiency. Preferably, the ratio of the
thermal power transierred to the working fluid to the electri-
cal power generated by regenerative braking 1s at least about
0.20 and even more preferably ranges from about 0.30 to
about 0.70. This ratio 1s a function of working fluid flow
velocity and density, surface area of the matenal, its thermal
conductivity and 1ts electrical resistivity The material prefer-
ably has a thermal conductivity of at least about 5 W/m-K,
more preferably of at least about 10 W/m-K, and even more
preferably of at least about 20 W/m-K. Additionally, a pre-
terred heat storage material also has a melting temperature 1n
excess of the maximum temperature in the combustor (usu-
ally the combustor outlet temperature), even more preferably
at least about 120% of the maximum temperature in the
combustor, and even more preferably at least about 150% of
the maximum temperature in the combustor.

A number of suitable materials, such as graphite, boron
nitride, boron carbide, silicon carbide, silicon dioxide, mag-
nesium oxide, tungsten carbide and alumina can be used for
heat storage. Some 1mportant properties of ceramics and
other high heat capacity materials that are typically used for
gas turbine components are shown 1n Table 2 below.

TABLE 2
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Additionally, when the heat storage material also converts
clectrical energy 1into thermal energy (for example, Kanthal or
Inconel alloys), the material should have an approprate elec-
trical resistivity. Preferably, the electrical resistivity 1s at least
about 0.1x107° ochm-meters, even more preferably at least
about 0.5x107° ohm-meters.

The properties of Kanthal Al (and Kanthal APM) are den-
sity of about 7,100 kg/cu m, heat capacity of about 460
I/’kg-K, thermal conductivity of about 13 W/m-K. The prac-
tical maximum continuous operating temperature for Kanthal
Al (and Kanthal AF)1s about 1,670 K. In operation, a Kanthal
heat storage module of the present invention would be cycled
between a low temperature of about 780 K (discharged) up to
a Tully charged temperature for short periods of about 1,700
K.

Present Invention

The present invention integrates one or more electrical
resistance heater elements into the gas turbine engine, receiv-
ing the regenerated electrical power and converting 1t to ther-
mal storage and then to energy of the gas turbine’s working
fluid. The electrical heater 1s located within the engine’s fluid
conduit and pressure boundary, thereby eliminating the need
for secondary transport fluids and facilitating the transport of
the power through the engine’s structural casing. FIG. 11s a
schematic representation of this basic principal for a single
stage gas turbine engine. Compressor 102 pressurizes the
engine working tluid, typically air or a lean air-fuel mixture.
Conduit 105 1s employed to transport the fluid to an electri-
cally heated thermal storage module 106, combustor 109 and
turbine 104. The conduits, such as conduit 105, connecting
the various components are denoted by solid lines. A free
power turbine 108 1s connected to a drive train 110 which
includes gear assemblies, electrical generator/motors, drive
shafts, differentials and axles. Drive train 110 transmits
mechanical or electrical propulsion power while motoring

Some Properties of Heat Enerov Storage Materials

Silicon Silicon

Alumina  Cordierite  Carbide Nitride
Density (kg/m3) 3,700-3,970 2,600 3,210 3,310
Specific Heat (J/kg-K) 670 1,465 628 712
Thermal Conductivity 24 3 41 27
(W/m-K)
Coetlicient Thermal 8.39 1.7 5.12 3.14
Expansion (um/m/K)
Thermal Shock 200-250 500 350-500 750
Resistance AT (K)
Maximum Use 2,060 1,640 1,670 1,770

Temperature (K)

High working temperature metals are required for electri-
cal conduits embedded 1n ceramics and other non-conducting
heat storage materials. Such electrical conductors may be
formed from tungsten wire, for example.

Other high working temperature metals may be used both
tor electrical conduits and for heat storage. The material used

1s required to be a high temperature, oxidation resistant, elec-
trically conductive alloy. Currently available candidate mate-
rials include the Kanthal alloys (specifically Kanthal Al,
APM and Kanthal AF). It would also be possible to use one of
the Inconel (nickel-chromium) alloys, but their high-tem-
perature/oxidation resistance 1s lower than that of the Kanthal
alloys. Due to lower cost per unit weight and possible lower
thermal cycle degradation leading to longer component life, it
appears Kanthal Al 1s a preferable choice.

Boron

Graphite  Nitride Kanthal Mullite
2,250 1,900 7,100 2,800
712 1,610 460 963

24 30 11 3.5

— — — 5.3
— — — 300
2,270 2,100 1,670 2,000
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60
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and generates electrical power while braking. Examples of
these drive trains configured as electrical transmissions are

described in FIGS. 4 and 5. In this embodiment, the electrical
power generated within drive train 110 while braking 1s car-
ried by conductor 111 (denoted by dashed lines) and passes
through pressure boundary 131 (denoted by dot-dash lines)

using a low resistance connector, well-known as an electrical
teed-through. Within the high-pressure gas stream of the gas
turbine, the electrical current causes Joule heating to occur in
resistive element 106. This resistive heating element 106 may
be fabricated from metallic wire or ceramic materials in
which conductive wires are embedded. The temperature of
heating element 106 will rise as electrical energy 1s delivered
and absorbed. During periods of power demand from the
engine, the absorbed thermal energy 1s convected to the gas
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turbine working fluid to offset energy that would otherwise be
required from the fuel burned 1n the down-stream combustor
109. In the example of FIG. 1, the electrical power 1s delivered
to the resistively heated thermal storage module 106 from an
clectrical generator, located somewhere within drive train
110, which derives its power from regenerative braking.

FIG. 2 shows a schematic of an intercooled recuperated
Brayton cycle gas turbine. As 1n FIG. 1, conduits, such as
conduit 219, connecting the various components are denoted
by solid lines, the electrical conductors, such as conductor
214, are denoted by dashed lines and the pressure boundary
231 1s denoted by dot-dash lines. This figure shows an inter-
cooled, recuperated gas turbine engine which 1s comprised of
a low pressure compressor 202, an intercooler 205, a high
pressure compressor 206, a recuperator 210, a thermal stor-
age module 212, a combustor 215, a high pressure turbine
208, a low pressure turbine 204, a free power turbine 216
which 1s connected to drive train 218 which includes gear
assemblies, electrical generator/motors, drive shaits, differ-
entials and axles. Drive train 110 transmits mechanical or
clectrical propulsion power while motoring and electrical
power generation while braking. Examples of these drive
trains configured as electrical transmissions are described in
FIGS. 4 and 5. A regenerative braking system within drive
train 218 delivers electrical to a heat energy storage module
212. In typical operating mode, ilet air, which may be con-
trolled by a valve such as 201, 1s compressed by low pressure
compressor 202, then cooled at approximately constant pres-
sure 1n 1ntercooler 2035, compressed by high pressure com-
pressor 206 to approximately maximum working pressure.
The nlet air 1s heated by passing through recuperator 210 and
heat storage module 212 and then heated to full working
temperature by fuel energy added 1n combustor 2135. The hot,
high pressure working fluid then expands 1n ligh pressure
turbine 208 powering high pressure compressor 206 via
mechanical coupling 207, further expands 1n low pressure
turbine 204 powering low pressure compressor 202 via
mechanical coupling 203 and finally expanding in free power
turbine 216 delivering mechanical shait power to drive train
218. The exhaust gases are then passed through the hot side of
recuperator 210 giving up heat energy to the inlet air passing,
through the cool side of recuperator 210 before being vented
to the atmosphere possibly by a valve 221. Fuel 1s added to the
air flow just upstream of or in combustor 215. In certain types
of ceramic matrix combustors, gaseous or vaporized fuels
may be injected with the inlet air.

When the vehicle brakes, transmission 218 1s disengaged
and a mechanical to electrical conversion device within drive
train 218 1s engaged to generate electrical energy via conduc-
tors 213 where it 1s converted to heat energy by Joule heating,
within the resistive elements 1n thermal storage module 212.
A portion or all of the compressed inlet air heated by recu-
perator 210 can now be passed through thermal storage mod-
ule 212 to gain further energy and temperature at approxi-
mately constant pressure before being delivered to combustor
215. If the air entering combustor 215 1s at the desired tem-
perature or temperature set point for the combustor exit, no
tuel need be added. If the 1njected air 1s at a lower temperature
than the desired temperature or temperature set point for the
combustor exit, an appropriate amount of fuel 1s added. As
can be appreciated, when heat 1s added to the combustor inlet
air via thermal storage module 212, less fuel 1s required by
combustor 215 than without the regenerative braking capa-
bility.

Depending on the duty cycle of the vehicle, the regenera-
tive braking system described herein can have a modest or a
large efiect on the overall efficiency of the gas turbine. For
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example, a delivery van or bus normally has a duty cycle with
many stops and starts and so a regenerative braking system
could substantially increase overall fuel efliciency. On the
other hand, a long-haul Class 8 semi-trailer truck may have a
duty cycle with few stops and starts. However, a regenerative
braking system would provide some increase overall fuel
eificiency by capturing energy from downhill travel or the
occasional stop and go traific conditions. Additionally, as
discussed below, this system of regenerative braking can also
assist the truck’s normal braking system as serve the function
of a Jacob’s brake for a gas turbine engine.

As can be appreciated, when no energy 1s being added to
the thermal energy storage module, the temperature of the
thermal element will tend to follow the tlow temperature and
so may have an effect, for example, on combustor outlet
temperature. A temperature sensor located just upstream of
the combustor can be used to affect small adjustments in
fuel-air ration to compensate for this effect. It should also be
noted that a battery or other electrical energy storage device
may be used to heat the thermal storage element to assist in
engine start-up. That 1s, a thermal energy storage element,
located for example just upstream of the combustor, can be
used to add heat to the working fluid to assist an engine starter
device for a gas turbine engine used in a vehicle.

As explained 1n FIG. 1, an electrically heated resistor bank
thermal storage module 212 1s mtegrated into the engine
circuit upstream ol combustor 215, configured to recerve
regenerated electricity and pre-heat gas on route to combustor
215. A recuperator 210 significantly improves the engine
conversion elliciency, relative to the simple gas turbine cycle
shown 1n FIG. 1, by recovering thermal energy from the free
power (last stage) turbine duct to pre-heat the combustion gas.
When employing a recuperator, the thermodynamic availabil-
ity of energy from the electrically heated resistor and thermal
storage module 1s reduced 1n proportion to the increased gas
inlet temperature. To increase the energy absorbing capacity
of the thermal storage module 212 during extended periods of
regenerative braking (such as for example, a long decent), a
simple by-pass duct 211 controlled by a solenoid valve 220
may be activated to introduce cool air over the resistor ele-
ments. This recuperator bypass allows for increased power
dissipation from the thermal storage module by rapidly drop-
ping combustor inlet temp. Although less preferred, a thermal
storage module may be located in by-pass duct 211.

It should be obvious to one skilled 1n the art of gas turbine
architecture that the subject invention applies to gas turbines
with and without intercooling, single shaft mechanical con-
figurations, free-power turbine configurations, and varying
numbers of compressor and turbine stages.

A further embodiment of the integrated resistance-heated
thermal storage system 1s shown in FIG. 3. As i FIG. 1,
conduits, such as conduit 319, connecting the various com-
ponents are denoted by solid lines, the electrical conductors,
such as conductor 314, are denoted by dashed lines and the
pressure boundary 331 1s denoted by dot-dash lines. This
Brayton cycle gas turbine 1s essentially the same as that of
FIG. 2, except that the thermal storage element 312 1s located
between low pressure turbine 304 and free power turbine 316.
By locating thermal storage element 312 as a re-heater
between turbine stages, it 1s possible to derive thermody-
namic benefits which improve overall efficiency and specific
power (power/mass flow rate).

As can be appreciated, two electrically-heated thermal
storage modules can be utilized in the gas turbine cycle. As an
example of this configuration, one electrically-heated ther-
mal storage module can be located upstream of the combustor
(such as 1n FIG. 2) and a second between the low pressure and
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free power turbines (such as in FIG. 3). It should be obvious
to one skilled in the art of gas turbine design that the principal
embodied herein may be extended to include multiple elec-
trically heated thermal storage modules, each re-heating the
engine’s working fluid prior to entering each of a multiplicity
ol turbine stages. For example, electrically-heated thermal

storage modules can be located in the bypass duct (duct 211 1n
FIG. 2) or even the recuperator (item 210 1n FIG. 2) hot side
inlet manifolds. These last two locations would not require
any growth in size of the engines.
Compatible Transmissions

In a gas turbine engine in the power range of up to about
700 kKW, the free power turbine typically rotates 1n the range
from about 70,000 to about 120,000 rpm. The transmission
must couple the output shatt of the free power turbine to the
wheels of the vehicle which rotate 1n the range from about
zero to about 500 rpm. This 1s preferably accomplished by
one of a number of possible electric transmissions, although
a purely mechanical transmission 1s feasible. However, an
clectric transmission offers the possibility of recovering some
of the energy of braking by regenerative braking methods.

FIG. 4 1s a schematic of a possible electric transmission
suitable for regenerative braking with a gas turbine engine. A
free power turbine 401 1s shown with 1ts output shaft con-
nected to a reduction gearset 402 which might have a reduc-
ing gear ratio in the range of about 6:1 to about 10:1. In this
example, gearset 402 1s connected to traction motor 403
which can transmit mechanical shaift power via a clutch
assembly 404 to a second gearset 405. Gearset 405 reduces
the rpms of the transmission and might have a reducing gear
rat10 1n the range of about 4:1 to about 10:1. Gearset 405 1s
connected to drive shaft 406, which 1s turn connected to
differentials 407 which drive wheels 408. Traction motor 403
1s electrically connected to a DC bus 412 by inverter 411.
Vehicle auxiliary power 415, an electrical energy storage
system 413 and a resistive heating element 414 are shown
connected to DC bus 412. The electrical energy storage sys-
tem 413 may be a battery pack, a capacitor bank or a flywheel
apparatus, for example. The resistive heating element 414
may be a dissipative resistive grid (in which heat energy 1s
removed by convection and discarded to ambient air) or a
resistance-heated thermal storage system (in which heat
energy 1s utilized such as described 1n FIGS. 1 through 3).

In motoring mode, electrical energy from electrical energy
storage system 413 may be used to provide some or all of the
propulsive power for the vehicle via traction motor 403. In
braking mode, traction motor 403 becomes an electrical gen-
erator and can charge the energy storage system 413 or be
dissipated 1n resistive dissipative grid 414 or both. For
example, during braking, electrical energy derived from
regenerative braking could be first directed to charge a battery
pack. Once the battery pack 1s fully charged, electrical energy
may be re-directed to a resistance-heated thermal storage
system such as described 1n FIGS. 6 through 12. If additional
dynamic braking 1s required and the battery pack 1s fully
charged and the resistance-heated thermal storage system 1s
at peak temperature, then additional electrical energy may be
re-directed to the dissipative resistive grid in which heat
energy 1s removed by convection and discarded to ambient
air. Clutch assembly 404 allows the rotor of the traction motor
to be disengaged during high speed motoring to reduce wind-
age losses while engaging a separate shait that continues to
transmit mechanical power through the traction motor.

A traction motor 1s a mechanical-to-electrical energy con-
version device used primarily for propulsion. Examples of
traction motors include but are not limited to AC or DC
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induction motors, permanent magnet machines and a
switched reluctance generators.

FIG. 5 1s a schematic of an alternate electric transmission
suitable for regenerative braking with a gas turbine engine.
This configuration 1s similar to that of FIG. 4 except there 1s
a high speed alternator and a traction motor which can be
operated electrically or mechanically depending on vehicle
speed. A free power turbine 501 1s shown with 1ts output shaift
connected to a reduction gearset 502 which might have a
reducing gear ratio in the range of about 6:1 to about 10:1. In
this example, gearset 502 1s connected to alternator 503
which can output mechanical shait power to a clutch assem-
bly 504. When engaged, clutch assembly 504 connects alter-
nator 503 to traction motor 505. Traction motor 505 can
output mechanical shaft power via a clutch assembly 506 to a
second gearset 507. Gearset 507 reduces the rpms of the
transmission and might have areducing gear ratio in the range
of about 4:1 to about 10:1. Gearset 507 1s connected to drive
shaft 508, which 1s turn connected to differentials 509 which
drive wheels 510. Alternator 503 and traction motor 505 are
both electrically connected to a DC bus 513 by their respec-
tive mverters 511 and 312. Vehicle auxiliary power 523, an
clectrical energy storage system 521 and a resistive heating
clement 522 are shown connected to DC bus 513. The elec-
trical energy storage system 3521 may be a battery pack, a
capacitor bank or a flywheel apparatus, for example. The
resistive heating element 522 may be a dissipative resistive
orid (in which heat energy 1s removed by convection and
discarded to ambient air) or a resistance-heated thermal stor-
age system (1n which heat energy 1s utilized such as described
in FIGS. 6 through 12).

In low speed motoring mode with clutch assembly 504
disengaged, electrical energy from alternator 503 and/or elec-
trical energy storage system 321 may be used to provide
propulsive power electrically for the vehicle via traction
motor 503. In high speed motoring mode with clutch assem-
bly 504 engaged, propulsive power may be provided
mechanically via the shafts of alternator 503 and traction
motor 505 which are locked together. Clutch assemblies 504
and 506 also allow the rotors of alternator 503 and traction
motor 505 to be disengaged during high speed motoring to
reduce windage losses while engaging a separate shaft that
continues to transmit mechanical power through the alterna-
tor and traction motor which are locked together mechani-
cally. The efliciency of the transmission in high speed motor-
ing mode 1s typically higher (about 96% to about 98%) than
the efficiency of the transmission 1 low speed motoring mode
(about 92% to about 96%). High speed motoring mode 1s
typically utilized for long distance driving where a higher
transmission eificiency has its maximum etficiency benefit.

In braking mode with clutch assembly 504 may remain
disengaged while clutch assembly 506 re-engages the rotor of
traction motor 503. Traction motor 503 becomes an electrical
generator and can charge the energy storage system 521 or be
dissipated 1n resistive dissipative grid 522 or both. For
example, during braking, electrical energy derived from
regenerative braking could be directed first to charge a battery
pack. Once the battery pack 1s fully charged, electrical energy
may be re-directed to a resistance-heated thermal storage
system such as described 1n FIGS. 6 through 12. IT additional
dynamic braking is required and the battery pack 1s fully
charged and the resistance-heated thermal storage system 1s
at peak temperature, then additional electrical energy may be
re-directed to the dissipative resistive grid in which heat
energy 1s removed by convection and discarded to ambient
air. As can be appreciated, during braking, clutch assembly
504 may also be re-engaged to allow the rotor of alternator
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503 to allow 1t become an electrical generator and can charge
the energy storage system 521 or be dissipated 1n resistive
dissipative grid 522 or both.

An alternator 1s a mechanical-to-electrical energy conver-
sion device. Examples include but are not limited to a syn-
chronous alternator such as a wound rotor alternator or a
permanent magnet machine, an asynchronous alternator such
as an induction alternator, a DC generator, and a switched
reluctance generator.

The drive trains shown 1n FIGS. 4 and 5 are known. These
drive trains are examples of electric or hybrid transmissions
which may be used 1n gas turbine engines to provide electrical
power during motoring and braking and therefore provide the
gas turbine engine a dynamic braking capability. The electri-
cal energy generated during dynamic braking may be dissi-
pated or 1t may be used to return heat energy to the engine as
described in FIGS. 1 through 3 and FIGS. 6 through 12.
Various Embodiments of Thermal Energy Storage Modules

The principle of the electrically heated thermal storage
module 1s described 1n FIG. 6. In FIG. 64, conduit 601 con-
fines the pressurized working fluid to tlow between two
engine components such as in FIG. 1, 2 or 3. Electrode feed-
through 603 permits the electrical connection to be made
through the pressure boundary and communicate with the
resistively heated elements 602. An electrical ground 604 1s
required to complete the electrical circuit through the heating,
elements. As shown 1n the cross-section of FIG. 65, the resis-
tive elements within conduit 611 may be a wire grid 612.
Alternately, as shown in the cross-section of FIG. 6c¢, the
resistive elements within conduit 612 may be a wire or
ceramic matrix 622. If a ceramic matrix 1s used, resistive
conductors such as Kanthal or tungsten would be embedded
in the ceramic elements. As shown in FIG. 6a, working fluid
605 enters the conduit at end 606 and exits the conduit at end
607. This working fluid 1s commonly air, but may be another
gas, such as helium, nitrogen, argon, or xenon, or other gas or
gas combination employed 1n open or closed cycle gas tur-
bines (for example, a fuel-air mixture). The resistor wire or
matrix elements are positioned within the gas turbine conduit
to achieve high convective heat exchange between the fluid
and the heating element while leaving sufficient flow cross-
sectional area to maintain a selected pressure drop through
the thermal energy storage module.

As shown 1n FIG. 7, another configuration for utilizing an
clectrically activated thermal storage module combines the
principals described above with a combustion system. In a
typical application wherein the gas turbine working fluid 1s air
and a compressor 712 delivers air to a combustor assembly
701. Commonly a recuperator 715 may also be employed as
an energy savings device, but un-recuperated variations are
equally feasible. In the example of FIG. 7, combustor vessel
701 contains an electrically heated thermal storage module
703, arranged as described 1n FIG. 6 to serve as an effective
heat exchanger, and a combustor unit 704. The combustor 704
may be a conventional metallic combustor or 1t may be a
ceramic matrix combustor. In the configuration 1llustrated 1n
FIG. 7, gaseous or vaporized fuel 1s introduced from conduit
716, preferably upstream of the combustor assembly 701.
When thermal storage module 703 1s not operating, the pre-
mixed fuel and air passing through the combustor 704 1s
reacted. If combustor 704 1s a ceramic matrix combustor, the
pre-mixed fuel and air passing through matrix will react on
the high temperature surfaces, releasing the heat of combus-
tion. This ceramic matrix reactor has certain advantages 1n a
gas turbine combustor, providing very low pressure drop, low
levels of NOx emissions, an a homogenous temperature dis-
tribution to the flow entering the turbine section down-stream.
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The use of an electrically heated thermal storage system
provides a convenient means of controlling the conditions of
the reaction of a lean fuel-air 1n a ceramic matrix combustor.

It was noted previously that a battery or other electrical
energy storage device may be used to heat the thermal storage
clement to assist 1n engine start-up. That 1s, a thermal energy
storage element, located for example just upstream of the
combustor, can be used to add heat to the working fluid to
assist an engine starter device for a gas turbine engine used 1n
a vehicle. Such a starter device has been disclosed 1n U.S.
patent application Ser. No. 12/115,134 entitled “Multi-Spool
Intercooled Recuperated Gas Turbine”.

Finally, 1t should be obvious to one skilled 1n the art of gas
turbine design that the alorementioned invention would func-
tion equally well as an inter-turbine re-heater, as 1llustrated,
for example, 1n FIG. 3.

FIG. 8 1s an 1sometric view with a cutaway section of a first
configuration of a thermal energy storage module. The mod-
ule casing 801 contains a metallic heating element 802. Elec-
trical energy tlows 1n via conductor 804, through each Kan-
thal spiral and out via conductor 805. The flow direction of the
gas turbine working gas 1s indicated by arrow 803. Heating
clement 803 can be made of a material such as, for example,
Kanthal A1 which 1s amaterial commonly used 1n automobile
cigarette lighters. The module shown 1n FIG. 8 1s about 0.33
meters 1n diameter with a cylindrical section about 0.4 meters
long. The Kanthal heat storage element 1s formed by 18
spirals joined together, each about 10 mm wide by about 1.0
mm thick by about 17 meters long for a total length of Kanthal
of about 306 meters. The Kantal spirals are all connected 1n
series to form a single long resistive element. The connections
are shown as alternately at the center of each spiral then at the
outside of adjacent spirals. At maximum working tempera-
ture of about 1,670 K to about 1,700 K, the storage module
which weighs about 15 kg can store about 5 to 6 MJ in the
form of useable heat energy. The spirals are separated by an
air gap ol about 3 to 10 mm.

FIGS. 9a-c show various views of the thermal energy stor-
age module of FIG. 8. This thermal energy storage module 1s
designed for a gas turbine engine with an approximate peak
power ol 375 kW. The 15 kg Kanthal thermal strip, configured
as a series of spiral windings, 1s housed 1n an approximately
0.334 meter diameter steel housing 901 with a wall thickness
in the range of about 9.5 to about 11 mm. The cylindrical
portion of the housing 911 1s about 0.395 meters long and
tapers down from about a 0.334 meter diameter at about 30
degrees to about a 0.12 meter diameter 922.

FIG. 10 1s an 1sometric view with a cutaway section of a
second configuration of a thermal energy storage module.
The module casing 1001 contains a heating element 1003.
Heating element spirals 1003 contained within housing 1001
are 1nterspersed with ceramic honeycomb discs 1002 to
increase the thermal mass of the module while reducing the
overall module mass. Ceramic honeycomb discs 1002 may be
made of alumina or silicon carbide, for example. Electrical
energy tlows 1n via conductor 1005, through each Kanthal
spiral and out via conductor 1006. The tlow direction of the
gas turbine working gas 1s indicated by arrow 1004. For
example, the heating element 1003 1s made of a matenal such
as Kanthal A1 which 1s a material commonly used 1n auto-
mobile cigarette lighters. The module shown in FIG. 10 1s
about 0.33 meters 1n diameter with a cylindrical section about
0.4 meters long. The Kanthal heat storage element 1s formed
by a number of spirals joined together, each about 10 mm
wide by about 1.0 mm thick by about 17 meters long for a total
length of Kanthal of about 150 meters. As in FIG. 8, the

Kantal spirals are all connected 1n series to form a single long
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resistive element. The connections are shown as alternately at
the center of each spiral then at the outside of adjacent spirals.
At maximum working temperature of about 1,670 K to about
1,700 K, the storage module which weighs about 15 kg can
store about 5 to 6 MJ 1n the form of useable heat energy. The
metallic spirals are separated by ceramic layers which range
from about 5 mm to about 30 mm wide. As can be appreci-
ated, the ratio of metallic strip width to ceramic strip width
can be varied to change the ratio of active heating element

storage capacity to passive thermal storage capacity and to
adjust the overall weight of the thermal storage module.

FIGS. 11a-¢ show various views of the thermal energy
storage module of FIG. 10. This thermal energy storage mod-
ule 1s designed for a gas turbine engine with an approximate
peak power o1 375 kW. A 7 kg Kanthal thermal strip 1s housed
in a 0.334 meter diameter steel housing 1111 with a wall
thickness 1n the range of about 9.5 to about 11 mm. The
cylindrical portion of the housing 1111 1s about 0.395 meters
long and tapers down from about a 0.334 meter diameter at
about 30 degrees to about a 0.12 meter diameter 1122.

FIG. 12 1s an 1sometric view with a cutaway section of a
third configuration of a thermal energy storage module. This
thermal energy storage module 1s also designed for a gas
turbine engine with an approximate peak power rating of
about 375 kW. In this configuration, the thermal storage 1s
formed by a porous metal pebble bed 1n a metallic pellet
configuration. Higher resistance sintered Kanthal metal pel-
lets 1202 are held between lower resistance bonded metal
conductor end caps 1203 at both ends, all contained 1n cylin-
drical housing 1201. Metal conductor end caps 1203 are
preferably made from lower resistance Kanthal. The void
fraction (air cross-section to solid material cross-section) 1s
adjusted for a selected, tolerable low pressure drop and com-
pact size.

FIGS. 13a-b show various views of the thermal energy
storage module of FIG. 12. As shown 1n FIG. 134, the diam-
eter of housing 1301 1s about 0.1684 meters 1n diameter with
the sintered Kanthal bed contained iside. As shown 1n FIG.
135, the cylindrical housing 1311 1s about 0.368 meters long
with electrically positive end cap 1314 and electrically nega-
tive (ground) end cap 1315.

Si1zing of Electrically Heated Thermal Storage Module

As an example, electrical energy recovered from braking
for a 375 kW gas turbine engine 1s assumed to be recovered at
a rate ol about 200 kWe from the braking electrical generator
system. If this system 1s operated for about 30 seconds, the
total energy recovered 1s about 6 MJ, which 1s typical of a
short descent down a modest hill. This performance 1s typical
ol a thermal energy storage system of about 15 kg of Kanthal
colled into a 1 mm thick by 10 mm wide by 306 meter long
spiral structure located between the recuperator and combus-
tor as shown 1n FI1G. 2. Such a structure 1s shown, for example,
in FIG. 8.

The maximum energy stored i1s the mass of the thermal
storage element times 1ts average heat capacity times the
temperature change and 1s typically about 6 M for the size of
engine assumed. The total energy input to the thermal storage
clement may be larger than 6 MJ as the working fluid flow
through the thermal storage element simultaneously removes
heat during the charging cycle. For materials such as Kanthal,
the maximum useful energy storage capacity 1s about 0.3 to
about 0.4 MI/kg. Thus a 15 kg Kanthal heat storage module
will store about 6 MJ. More energy than this (approximately
20% to about 50% depending on the design of the thermal
storage element) can be received from the braking system as
some energy 1s simultaneously transierred out of the thermal
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storage element by convection to the air flow through the
thermal storage module during charging.

If the mass of the element 1s 15 kg and the density of the
thermal storage element material 1s about 7,100 kg per cubic
meter, the approximate volume of Kanthal 1s about 0.002
cubic meters. The fill factor 1s about 15% to about 30%
Kanthal with the remainder being volume available for the
flow of working fluid. Thus, the overall volume of a thermal
storage module 1s on the order of 0.01 cubic meters. The
reduction 1 flow volume by the thermal storage element
causes a pressure drop. It 1s desired to minimaize this pressure
drop while maximizing the convective heat transfer surface
area. The design problems related to these considerations are
discussed 1n FIG. 14.

At full engine power, the mitial flow conditions over the
Kanthal are typically about 1.2 kg/s at about 8 m/s and flow
density of about 6.5 kg/m3 (corresponding to inlet conditions
of about 1,450 kPa and about 7735 K).

At engine 1dle power of about 25% tull power, the mitial
flow conditions over the Kanthal are typically about 0.3 kg/s
at about 8 m/s and flow density of about 1.6 kg/m3 (corre-
sponding to inlet conditions of about 360 kPa and about 773
K).

The convection heat transier coeificient for the “cigarette
lighter” design as shown 1n FIG. 8, 1s that characteristic of a
flat plate since the tlow length through the channels 1s too
short for the flow to develop and transition to fully turbulent.
The flow over the Kanthal can be approximated as mnitially
laminar flow transitioning to turbulent flow near the end of the
flat plate where the length of the flat plate assumed 1n the
analysis 1s approximately the width of the Kanthal strip or
about 10 mm. The average convective heat transfer coefficient
ranges from about 200 to about 400 W/sqm-K over operating
flow conditions. In this example, the active convective heat
transier area 1s about 6 square meters (10 mm wide strips,
about 306 meters long, both sides). The energy transier out of
the heat storage module to the tlow occurs at about 75 kKW or
about 35% of the electrical power mput to the thermal storage
clement.

In a calculation typical of a 375 kW gas turbine engine at
idle power during braking and charging of the thermal storage
module, flow temperature and pressure at the entry to the

thermal storage module are about 360 kPa and about 775 K
and the thermal storage element1s at about 775 K. After about
36 seconds of 200 kWe braking, the temperature of the Kan-
thal from front to back of the thermal storage module 1s
approximately constant at about 1,000 K while the air flow
temperature ranges from about 780 K at the entry to about 920
K at the exit. After about 60 seconds of 200 kWe braking, the
temperature of the Kanthal from front to back of the thermal
storage module ranges from about 1,500 K at the entry to
about 1,750 K at the exit while the corresponding air flow
temperatures range from about 780 K to about 1,310 K.

After discharging of the thermal storage module for about
28 additional seconds (or about 88 seconds after the start of
braking), the temperature of the Kanthal from front to back of
the thermal storage module ranges from about 1,045 K at the
entry to about 1,370 K at the exit while the corresponding air
flow temperatures range from about 780 K to about 1,060 K.
From these calculations, 1t can be seen that the thermal stor-
age module raises inlet temperature to the combustor to
nearly the desired combustor outlet temperature so that very
little tuel 1s required to achieve the desired combustor outlet
temperature, thus resulting in a reduction of fuel consump-
tion.
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Control of Braking Energy

FIG. 14 1s a schematic of a regenerative braking energy
distribution control system for a gas turbine powered vehicle
with at least one thermal energy storage module. This figure
shows a computer 1401 1n communication with electrical
components 1402 of a drive train such as shown i FIGS. 4
and 5. Computer 1401 1s also 1n communication with one or
more energy storage systems 1403, one or more thermal
storage modules 1404 and a resistive grid 1405 that can
dissipate 1ts thermal energy to ambient air. Examples of elec-
trical energy storage systems 1403 are battery packs, capaci-
tor banks or flywheels. Thermal storage modules 1404 are
those shown, for example, in FIGS. 8 through 13 which
convert electrical energy to thermal energy by Joule heating
within the pressure boundary of a gas turbine engine. An
example of a resistive grid 1403 1s the roof-mounted resistive
braking grid typically used for dynamic braking of locomo-
tives.

As shown 1n FI1G. 14, choppers 1406, 1407 and 1408 are
included and may be used as on/oil switches and current
regulators to the energy storage pack 1403, thermal storage
module(s) 1404 and resistive dissipater grid 14035 respec-
tively. These choppers may be controlled by the controller in
computer 1401. This 1s a known method of control for energy
storage packs and resistive dissipater grids.

In the design of a thermal storage module, it 1s desired to
prescribe both the volume and surface area of the resistive
storage element. The volume must be adjusted to control the
pressure drop of the flow through the element while the sur-
face area must be adjusted to achieve the desired heat transfer
rate from the element to the tlow. For a given material, this
design process cannot also control the electrical resistance of
the storage element. Therefore, a chopper 1407 can be used to
regulate the desired current flow to the storage element in
module 1404 consistent with the resistance of the storage
clement and the voltage of the DC bus 1402. The chopper may
be pulse width modulated or pulse frequency modulated.
Alternatively or additionally, the voltage of the DC bus may
be altered to regulate the desired current flow to the storage
clement.

When the vehicle 1s braking, the electric components 1402
of the dnive train generate power to a DC bus such as
described 1n FIGS. 4 and 5. A voltage and/or current sensor
1411 on the DC bus 1s monitored by computer 1401 and a
controller 1n computer 1401 determines where to distribute
the electrical power generated by dynamic braking. If energy
storage system 1403 1s a battery pack or capacitor bank, its
state-oi-charge 1s determined typically by a voltage sensor
1412 which 1s monitored by computer 1401. Any suitable
voltage or current sensor may be employed. Examples of
voltage sensors include voltmeters, other common voltage
transducers or voltage sensing devices. Examples of current
sensors include ammeters, current-sensing resistors, Hall cur-
rent sensors, current-sensing transformers, current transduc-
ers, Rogowski coils or other common current measuring
devices.

If the energy storage system can accept additional charge
and 1f power 1s not needed by thermal energy storage module
1404, then the controller in computer 1401 directs electrical
power to energy storage system 1403 until state-of-charge
sensor 1412 communicates to computer 1401 that the state-
of-charge of the battery pack or capacitor bank 1s at 1its
selected operating (e.g., maximum) voltage. If energy storage
system 1403 1s a flywheel, then sensor 1413 may be an rpm
indicator and addition of energy to the flywheel would be
terminated by the controller of computer 1401 when rpm
sensor 1412 communicates to computer 1401 that the rpm of
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the flywheel 1s at 1ts selected operating rpm. Examples of
rotary speed sensors include tachometers such as axle alter-
nators or reluctance pickups.

I braking power 1s still being generated and 11 temperature
sensor 1413 indicates that the temperature of thermal storage
module 1404 1s below its operating (e.g., maximum accept-
able) temperature, then the controller 1n computer 1401
directs electrical power to thermal storage module 1404 until
temperature sensor 1413 communicates to computer 1401
that the temperature of the thermal energy storage module 1s
at 1ts selected operating temperature.

If braking power 1s still being generated then the controller
in computer 1401 directs electrical power to the resistive grid
dissipater 1403 until temperature sensor 1414 communicates
to computer 1401 that the temperature 1s at 1ts selected oper-
ating (e.g., maximum) temperature. Once energy storage sys-
tem 1403 has reached its operating state-of-charge and once
thermal storage modules 1404 have reached their operating
temperatures and once resistive grid dissipater 1405 has
reached 1ts operating (e.g., maximum) temperature, then
dynamic braking 1s terminated and further braking 1s accom-
plished by the vehicles mechanical braking system.

If the vehicle 1s not braking and 11 power 1s needed by
thermal energy storage module 1404, for example for assist-
ing 1n engine start-up, then the controller 1n computer 1401
may direct electrical power electrical power to thermal stor-
age module 1404 from energy storage system 1403 until
temperature sensor 1413 communicates to computer 1401
that the temperature of the thermal energy storage module 1s
at 1ts selected operating temperature.

A number of variations and modifications of the inventions
can be used. As will be appreciated, it would be possible to
provide for some features of the inventions without providing
others.

The present ivention, in various embodiments, includes
components, methods, processes, systems and/or apparatus
substantially as depicted and described herein, including vari-
ous embodiments, sub-combinations, and subsets thereof.
Those of skill 1n the art will understand how to make and use
the present invention after understanding the present disclo-
sure. The present invention, in various embodiments,
includes providing devices and processes in the absence of
items not depicted and/or described herein or in various
embodiments hereof, including 1n the absence of such items
as may have been used 1n previous devices or processes, for
example for improving performance, achieving ease and/or
reducing cost ol implementation.

The foregoing discussion of the mvention has been pre-
sented for purposes of illustration and description. The fore-
going 1s not intended to limit the invention to the form or
forms disclosed herein. In the foregoing Detailed Description
for example, various features of the ivention are grouped
together 1n one or more embodiments for the purpose of
streamlining the disclosure. This method of disclosure 1s not
to be mterpreted as reflecting an intention that the claimed
invention requires more features than are expressly recited in
cach claim. Rather, as the following claims retlect, inventive
aspects lie 1 less than all features of a single foregoing
disclosed embodiment. Thus, the following claims are hereby
incorporated into this Detailed Description, with each claim
standing on 1ts own as a separate preferred embodiment of the
invention.

Moreover though the description of the invention has
included description of one or more embodiments and certain
variations and modifications, other variations and modifica-
tions are within the scope of the mvention, e.g., as may be
within the skill and knowledge of those 1n the art, after under-
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standing the present disclosure. It 1s intended to obtain rights
which include alternative embodiments to the extent permit-
ted, including alternate, interchangeable and/or equivalent
structures, functions, ranges or steps to those claimed,
whether or not such alternate, interchangeable and/or equiva-
lent structures, functions, ranges or steps are disclosed herein,
and without intending to publicly dedicate any patentable
subject matter.

What 1s claimed 1s:

1. A method, comprising;:

receiving electrical energy from a regenerative braking

system;

converting at least a portion of the received electrical

energy 1nto thermal energy;

transterring, directly and/or indirectly, the thermal energy

to a pressurized working fluid to form a heated pressur-
1zed working tluid;

introducing the heated pressurized working fluid into at

least one turbine to propel a vehicle; and

wherein the converting step 1s performed within a pressure

boundary of a gas turbine engine.

2. The method of claim 1, wherein the regenerative braking
system comprises a mechamical-to-electrical conversion
device, at least one of which 1s a synchronous or asynchro-
nous alternator, a generator, a permanent magnet machine, a
direct current (“DC”) generator, a switched reluctance
machine and a traction motor, and a DC bus and further
comprising;

when the vehicle brakes, engaging the mechanical-to-elec-

trical conversion device to generate the electrical
energy; and

storing the thermal energy 1n a heat storage element 1n

thermal communication with the pressurized working
flud.

3. The method of claim 1, wherein the transferring step 1s
performed between a cold side of a recuperator and a com-
bustor.

4. The method of claim 1, wherein the transierring step 1s
performed 1n a combustor.

5. The method of claim 1, wherein the transferring step 1s
performed between a combustor and a high pressure turbine.

6. The method of claim 1, wherein the transferring step 1s
performed between a high pressure turbine and a low pressure
turbine.

7. The method of claim 1, wherein the transferring step 1s
performed between a low pressure turbine and a free power
turbine.

8. The method of claim 1, wherein the transferring step 1s
performed upstream of a hot side of a recuperator.

9. The method of claim 2, wherein the heat storage element
has the following characteristics:

a density of at least about 1,800 kg/m";

a heat capacity of at least about 400 J/kg-K; and

amelting temperature in excess of amaximum temperature

in the combustor.

10. The method of claim 9, wherein the heat storage ele-
ment 1s at least one of graphite, boron mitride, boron carbide,
s1licon carbide, silicon dioxide, magnesium oxide, tungsten
carbide, alumina, a Kanthal alloy, and an Inconel alloy.

11. The method of claim 1, wherein, during an extended
period of regenerative braking, a first portion of the pressur-
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1zed working tluid 1s passed through a cold side of a recupera-
tor and a second portion of the pressurized working fluid
bypasses the recuperator.
12. A method, comprising:
recewving electrical energy from a regenerative braking
system;
converting at least a portion of the receirved electrical
energy into thermal energy;
transierring, directly and/or indirectly, the thermal energy
to a pressurized working fluid to form a heated pressur-
1zed working fluid, wherein said transferring 1s per-
formed between a cold side of a recuperator and a com-

bustor; and

introducing the heated pressurized working fluid into at
least one turbine to propel a vehicle.

13. A method, comprising:

recewving electrical energy from a regenerative braking
system;

converting at least a portion of the received electrical
energy into thermal energy;

transierring, directly and/or indirectly, the thermal energy
to a pressurized working fluid to form a heated pressur-

1zed working fluid;

introducing the heated pressurized working fluid into at

least one turbine to propel a vehicle;

wherein the regenerative braking system comprises a

mechanical-to-electrical conversion device, which 1s at
least one of a synchronous or asynchronous alternator, a
generator, a permanent magnet machine, a direct current
(“DC”) generator, a switched reluctance machine, and a
traction motor, and a DC bus and further comprising:
when the vehicle brakes, engaging the mechanical-to-
electrical conversion device to generate the electrical
energy, and
storing the thermal energy in a heat storage element in
thermal communication with the pressurized working,
fluid; and
wherein the heat storage element has the following char-
acteristics:
a density of at least about 1,800 kg/m”,
a heat capacity of at least about 400 J/’kg-K, and
a melting temperature 1n excess ol a maximum tem-
perature 1n the combustor.

14. The method of claim 13, wherein the heat storage
clement 1s at least one of graphite, boron nitride, boron car-
bide, silicon carbide, silicon dioxide, magnesium oxide, tung-
sten carbide, alumina, a Kanthal alloy, and an Inconel alloy.

15. A method, comprising:

recewving electrical energy from a regenerative braking

system:

converting at least a portion of the received electrical

energy into thermal energy;

transterring, directly and/or indirectly, the thermal energy

to a pressurized working fluid to form a heated pressur-
1zed working fluid;

introducing the heated pressurized working fluid into at

least one turbine to propel a vehicle; and

wherein, during an extended period of regenerative brak-

ing, a first portion of the pressurized working fluid 1s
passed through a cold side of a recuperator and a second
portion of the pressurized working fluid bypasses the
recuperator.
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